The performance, safety, and reliability of electrochemical energy storage and conversion systems based on Li-ion cells depend critically on the nature of heat transfer in Liion cells, which occurs over multiple length scales, ranging from thin material layers all the way to large battery packs. Thermal phenomena in Li-ion cells are also closely coupled with other transport phenomena such as ionic and charge transport, making this a challenging, multidisciplinary problem. This review paper presents a critical analysis of recent research literature related to experimental measurement of multiscale thermal transport in Li-ion cells. Recent research on several topics related to thermal transport is summarized, including temperature and thermal property measurements, heat generation measurements, thermal management, and thermal runaway measurements on Li-ion materials, cells, and battery packs. Key measurement techniques and challenges in each of these fields are discussed. Critical directions for future research in these fields are identified.
Introduction
Li-ion cells are used for energy conversion and storage in a wide variety of applications, including consumer electronics, electric vehicles, aerospace systems, etc. [1] [2] [3] . Energy storage in hybrid and electric vehicles tremendously improves fuel efficiency, while also offering reduced emissions and other environmental benefits [4] . In other applications, Li-ion cells enable energy storage and conversion at very high density and rates compared to competing technologies [1, 5] . The capability of highefficiency energy storage facilitates the harnessing of renewable energy sources such as wind energy and solar energy [6] , where energy storage is critical. Among several competing energy storage mechanisms, electrochemical energy storage in Li-ion cells offers several advantages in terms of energy density, power, etc. [3, 7] , which has spurred significant amount of research in this technology.
From a scientific perspective, a Li-ion cell involves several multidisciplinary and multiscale processes that are closely coupled with each other [7] [8] [9] , as shown in Fig. 1 . One such example is the coupling between thermal transport and electrochemical processes. Electrochemical reactions in a Li-ion cell generate heat, which influences the temperature distribution. The temperature distribution in turn governs the electrochemical reaction kinetics, ionic charge transport, and crystalline phase equilibria of the electrodes. The dynamics of these phenomena are strongly coupled. For example, in addition to the thermal properties of the cell, temperature rise during discharge also depends on electrochemical properties such as equivalent series resistance (ESR). At the same time, electrochemical processes in the cell are themselves strong functions of temperature. As a result, thermal transport plays a key role in determining the electrochemical performance of the cell, particularly for high-rate processes.
As shown in Fig. 1 , the electrical, electrochemical, and thermal phenomena occurring in a Li-ion cell interact with each other through well-known processes, such as species diffusion, charge transport, chemical kinetics, thermal transport, etc. These processes are governed by physical laws involving multiple transport properties such as thermal conductivity, mass diffusivity, reaction rates, etc. Due to the heterogeneous nature of materials inside a Li-ion cell, these properties are often not well known in advance. In addition, these properties are often strong functions of temperature and electrochemical state of the cell, with significant spatial variation within the cell volume as well.
Further, these coupled phenomena occur over multiple length scales [8] [9] [10] , as shown in Fig. 2 . At the molecular level, pertinent processes include Li-ion intercalation in the electrode materials, species transport, etc. [7, [11] [12] [13] . Electrode layers, typically 5-50 lm thick, and a porous separator, are rolled or folded into cells [14, 15] , which are then integrated in a battery pack [16] (Fig. 4) . The morphology and chemical composition of layers, overall packaging within a cell, and the arrangement of cells in a battery pack all influence the nature of physical processes that determine performance, safety, and reliability.
Heat generation is an inevitable effect of energy conversion and storage processes in a Li-ion cell. In order to avoid several wellknown performance and safety problems at high temperatures [17] [18] [19] , heat generated throughout the volume of the cell due to ionic resistance and exothermic reactions [20] [21] [22] [23] must be removed through the various materials and within the cell to its outer surface, and from there to the ambient mostly through thermal conduction and convection [24] [25] [26] , but also possibly through radiative thermal transport. Figure 3 shows a schematic of key thermal resistances in a Li-ion cell-thermal conduction within the cell and convection on the outside surface. The thermal conduction resistance itself can be broken down into contributions from various material and interfacial thermal resistances in the thermal unit cell as shown in Fig. 3 . While heat generation is closely coupled with electrochemical state of the cell and the nature of electrochemical reactions in the cell, the heat transfer is governed by the nature of materials and interfaces within the cell, as well as ambient thermal conditions around the cell. These processes, their interactions with each other, as well as with other physical phenomena combine to determine the thermal state of the cell. While low-temperature operation of Li-ion cells has attracted some research due to potential problems in automotive applications [27, 28] , much more work has focused on understanding thermal transport in high-temperature situations where thermal runaway poses a significant safety risk. The analysis and prevention of thermal runaway is a complex, coupled problem requiring an understanding of electrochemistry as well as thermal transport.
Thermal management of the battery pack is critically needed in both nominal and abuse conditions. Several aspects of a Li-ion cell make the overall thermal transport process interesting and challenging to model and measure. These include materials with uncharacterized thermal properties, unknown nature of thermal transport at material interfaces, coupled nature of thermal transport with electrochemistry, thermal conduction anisotropy, nonlinear behavior at high temperatures, etc. Despite these challenges, there are strong incentives for studying and optimizing thermal transport in a Li-ion cell. Improved thermal transport will help not only safety but also electrochemical performance. As a general example, if the temperature rise in a Li-ion cell due to a given heat generation rate can be reduced through effective thermal management, it would enable operation of the cell at greater discharge rates, thereby improving pack-level performance, weight, etc. This paper reviews pertinent recent literature on various aspects of thermal transport in Li-ion cells, with particular emphasis on experimental measurements that advance the understanding of fundamental processes. This review is organized into four major research directions: (a) temperature and thermal property measurements, (b) heat generation measurements, (b) thermal management, and (c) thermal measurements in runaway conditions. For each topic, key experimental measurement techniques are summarized and papers presenting pertinent data on materials and processes are discussed. Emphasis is given to more recent papers, within the last decade or so. A discussion on critical future research needs for thermal transport in electrochemical systems is also provided.
Thermal transport in Li-ion cells is still an evolving field, and it is expected that this critical summary will provide perspective of progress made so far, as well as pertinent future directions.
2 Temperature and Thermal Property Measurements 2.1 Temperature Measurement. Accurate measurement of temperature is key for all investigations of thermal transport in engineering systems. Traditionally, temperature of a body has been measured through linear transduction of temperature into another directly measurable physical quantity such as electrical resistance [29] , thermal expansion [29] , color [30] , reflectance [31] , circuit resonant frequency [5] , etc. Key characteristics of any thermal measurement include measurement accuracy, measurement resolution, uncertainty, spatial resolution, and temporal resolution. These characteristics vary significantly from one measurement method to another, and also depend on the characteristics of the measurement instrumentation. For example, the electrical resistance-based thermometry has excellent measurement resolution when calibrated properly, but in general has poor spatial resolution unless microfabricated sensors are used. Calibration is critical in any temperature measurement approach.
Several specific challenges exist in temperature measurement for Li-ion cells and related systems. The need for in situ temperature measurements presents challenges due to the hermetically sealed nature of a Li-ion cell. Further, the electrochemically active environment makes it challenging to measure real-time temperature inside a Li-ion cell. It is not sufficient to merely measure the Transactions of the ASME outside temperature of a cell, since large temperature gradients are expected within the cell volume [24, 25] . Several standard approaches for temperature measurement have been utilized for Li-ion cells and related systems. In addition, new, novel measurement techniques have also been used. Traditional thermometry techniques, such as thermocouples and infrared (IR) [32] imaging, have been used extensively to measure the surface temperature on a Li-ion cell. However, these approaches do not give any information on the temperature inside, which is expected to be significantly higher, hence more critical to measure [24, 25] . It is important to note that due to low thermal conductivity of a Li-ion cell [33] , the temperature inside a cell is unlikely to be single-valued, but rather a spatial field. Measurement of the internal temperature is also important to determine the temperature gradient within the cell, since a large gradient results in electrochemical imbalance. There are several difficulties in measuring internal temperature of a Li-ion cell. Accessing the core of a cell by drilling a hole to insert a thermocouple is in most cases not realistic, although it has been done for a limited number of test cells [34] [35] [36] [37] [38] [39] [40] . Thermocouple insertion has been carried out either during rolling/folding of the electrode stack [36, 40] , or by carefully drilling a hole in a commercial cell [34, 35] .
Thermocouple-based temperature and temperature distribution measurements inside a cell have been carried out at different discharge rates and at different convective cooling conditions [36] . In a similar work, the thermocouples have been inserted in a large-format laminated battery to examine temporal and spatial variation of the internal temperature [40] .
Internal temperature of Li-ion cells has also been reported through several other mechanisms. These include measurement of temperature-dependent phase shift of voltage in response to a sinusoidal current [41] [42] [43] , measurement of electrochemical impedance of the cell which is indicative of the internal temperature [39, 44] , and calculation of core temperature based on surface temperature using a lumped or reduced-order model [35, 37, 38] .
It has been found that a sinusoidal current passing through a Liion cell results in a phase-shifted potential difference. In the 40 Hz-100 kHz range, this phase shift has been found to depend predominantly on the internal temperature of the cell [41] [42] [43] . This phase shift has been measured using a frequency response analyzer, which provides an indication of the internal temperature of the cell.
Some work has been reported on determining internal temperature of a cell by measuring the surface temperature and the electrochemical impedance of a cell [39, 44] . This approach does not require knowledge of cell thermal properties, heat generation, or thermal boundary conditions but requires information on state-of-charge (SOC) of the cell. A calibration is performed in advance to relate temperature with the electrochemical impedance to be measured. This method has been shown to measure the temperature inside a cylindrical 26650 cell with a maximum error of 0. 6 C throughout the test [39] . Similar findings have also been reported for prismatic cells where a uniform temperature assumption is made [44] .
Parameters required to calculate core temperature have been approximated using a lumped thermal model and reduced-order model approach. An online parameterization technique has been employed, which can determine these parameters as functions of state of charge, aging, and other degradations [35] . These parameters with [35] or without [37, 38] online parameterization are then used to calculate the temperature of the core of the battery, which is compared against the measured value from a thermocouple inserted in the core of the battery [35, 37, 38] . A battery thermal model with constant internal resistance is explored first, which is later extended to address temperature-dependent internal resistance. This enables tracking of the long-term variation of the internal resistance. Note that this approach of using a lumped model ignores spatial temperature variation within the cell.
Thermal Property
Measurements. The temperature field in any engineering system is governed by two key thermal transport properties-thermal conductivity, k, and heat capacity, C p . While the thermal conductivity refers to the property of the material to conduct heat, the heat capacity refers to heat required to be added to a body for unit temperature rise. Thermal diffusivity a, defined as a ¼ k=ðqC p Þ, is also often measured for engineering systems. In addition to these material properties, the thermal transport is also often a strong function of thermal interface resistance between materials. While the heat capacity is a scalar quantity, in some systems, the thermal conductivity may be strongly direction-dependent. In Li-ion cells, the thermal conductivity anisotropy occurs due to the rolled/folded nature of the electrode stack. Both thermal conductivity and heat capacity are, in general, temperature-dependent, although in several cases, these properties may be nearly constants within the temperature range of interest. While the thermal conductivity is often measured through the temperature field resulting from an imposed heat flux or vice versa, the heat capacity is generally measured by determining the heat needed to be added for a specific temperature rise.
In the context of Li-ion cells, the thermal property measurements can be carried out at multiple spatial scales, including for individual materials of a Li-ion cell, such as separator, electrodes, etc., individual cells, as well as for larger systems. Thermal transport, particularly in larger systems, is also often characterized in terms of lumped thermal circuit parameters, including the thermal resistances and thermal capacitances of various components. Such an approach facilitates circuit representation and analysis of thermal behavior of systems.
Several experimental measurements, both of fundamental thermal conductivity and heat capacity, have been reported for Li-ion cell materials. Thermal property measurements are primarily done either at material level or at the cell level in Li-ion cells. At material level, the thermal property measurements of electrodes [45] [46] [47] [48] [49] , electrolyte [50] , separator [51, 52] , electrode stack [46, 53] , and contact thermal resistance [54, 55] have been reported. Such material-level measurements are key in understanding the heat transfer inside a Li-ion cell and in determining the rate-limiting heat transfer processes.
Thermal property measurement of polymer electrolyte has been carried out using a guarded heat flowmeter [50] . Temperature difference across the sample is measured, which is used to calculate the total thermal resistance, from which the thermal conductivity of the polymer electrolyte has been extracted. Thin polymer electrolyte films are prepared by doctor blade technique and sandwiched between top and bottom plates, across which the temperature difference is measured. The thermal conductivity is reported to vary from 0.12 to 0.22 W/m K over a C temperature range [50] .
Similarly, the thermal property of a composite cathode has been measured using a heat flowmeter [45] . The composite cathode is made of equal volume fractions of polymer electrolyte and a mixture of active material and acetylene black. The thermal conductivity of the composite is measured to vary in the 0.2-0.5 W/m K range between 25 C and 150 C [45] . Time-domain thermoreflectance (TDTR) has been used to measure the thermal conductivity of LiCoO 2 thin film. Effect of the Fig. 4 Schematic of various thermal management strategies adopted for the cooling of Li-ion cells degree of lithiation on thermal conductivity has been measured. In situ measurements of thermal conductivity of LiCoO 2 cathode during cycling show thermal conductivity to reversibly decrease from 5.4 to 3.7 W/m K when delithiated [47] .
In-plane thermal conductivity of the separator material has been measured using a DC heating method [51] . Two thin metal lines, separated by a small distance, are microfabricated on the separator material. One of the lines is used as a heater, while both are used for temperature measurement. Ultrafast measurement of temperature of both lines as a function of time is used for determining the thermal properties of the separator. In-plane thermal conductivity and heat capacity of 0.5 W/m K and 2480 J/kg K, respectively, are reported at room temperature [51] . These values do not change significantly when measured at 50 C. Cross-plane thermal conductivity of electrodes and separators has been measured using a differential steady-state method [52] . The experimental setup is very similar to that of the 1D heat flowmeter previously used [45] . The cross-plane thermal conductivity of positive electrode (PE), negative electrode (NE), and separator is measured to be 2.0, 1.06, and 0.19 W/m K, respectively, in the presence of electrolyte [52] .
Cross-plane thermal conductivity of several components and that of a stack of components have also been measured. The measurement is carried out using two different methods. In the first method, the thermal conductivity has been measured by ensuring 1D flow of the heat generated in the heater assembly passing through the NE-separator-PE stack. Values in the 0.33-0.66 W/m K range have been reported [46] . In the other method, the thermal diffusivity is measured using xenon flash technique from which the thermal conductivity is extracted by using the heat capacity value measured separately. The out-of-plane thermal conductivity measurement of the stack is carried out at two different SOCs . Similar work has been done to study the effect of cycling on thermal properties of lithium polymer cells [53] . Thermal conductivity and specific heat of the battery components taken out of from a fresh cell and a one cycled 500 times at 45 C have been reported. The effect of cycling at high temperature on these parameters has been reported [53] . In-plane and cross-plane thermal conductivity of the anode material have also been measured using transient planar source and laser flash techniques [33, 49] .
In addition to these reports of thermal conductivity and heat capacity measurements, the thermal contact resistance between cell materials has been reported. In these experiments, the material stack is sandwiched between two copper blocks, and the total thermal resistance of the stack is measured. Key conclusions made here include lower contact thermal resistance of the wet stack compared to dry stack and weak temperature dependence of the stack resistance [54] . However, the thermal resistances measured here are the total thermal resistances which also include the material thermal resistance and not just the contact thermal resistances between the battery components. Contact thermal resistance between the electrodes and copper rods used in these experiments has been measured, which is not of particular relevance for in situ operation of the cell.
In another work, the interfacial thermal conduction between cathode and separator has been measured using a similar onedimensional heat flow method. It has been shown that this interfacial resistance dominates over the material thermal resistances from the separator and cathode, offering around 88% of the total thermal resistance. This work concluded that the interfacial thermal resistance is the rate-limiting heat transfer process within a Li-ion cell and originates from the weak van der Waals adhesion between separator and cathode [55] . In addition to these material thermal characterizations, the cell-level thermal characterization is needed to capture the nature of heat transfer phenomena at the spatial scale of a cell. There have been a few experimental measurements reported in literature for the cell-level thermal property measurements. Some of these are based on primarily thermal methods [56] [57] [58] [59] , whereas others are based on the coupling between thermal transport and electrochemical properties [60, 61] . It is important for such measurements to account for anisotropy due to the rolled/folded nature of the electrode roll. Lumped and reduced-order model-based thermal parameter characterizations have also been done [35, 37, 38] .
An analytical solution-based approach has been used where a Li-ion cell is externally heated and the measured transient temperature rise is fitted with an analytical solution to determine the thermal conductivity and specific heat. The radial thermal conductivity is measured to be 0.15-0.2 W/m K for 26650 and 18650 cells. Axial thermal conductivity measurements show the axial thermal conductivity to be 30.4-32.0 W/m K, which represents nearly 150-fold anisotropy [57] . This work also allows simultaneous heat capacity measurement which is determined to be 1605-1720 J/kg K for 26650 and 18650 cells [57] . Another paper with a similar approach reports similar values for thermal conductivities, but a much lower heat capacity, in the range of 814-972 J/kg K [58] .
The axial thermal conductivity of a Li-ion cell has also been measured using a comparative method to obtain the heat flow through a battery indirectly, while preventing heat loss via thermal compensation [56] . The thermal compensation system consists of a heater which reduces the radial temperature gradient to minimize the radial heat losses. This method is difficult to adapt for radial thermal conductivity measurement. In this work, the radial thermal conductivity was estimated to be around 1.0 W/m K from the known thermal conductivities of the electrode stack components, ignoring the thermal contact resistances. Axial thermal conductivity was reported to range from 6.83 to 4.25 W/m K over an entire discharge process [56] .
The specific heat capacity and cross-plane thermal conductivity for a 75 Ah lithium iron phosphate (LFP) pouch cell have been measured using an isothermal calorimeter. The influence of SOC and temperature on the specific heat capacity of the LFP cell is considered in modeling and calculations. Over the full temperature range from À5 C to 55 C, this property is found to vary by approximately 38%. The cross-plane thermal conductivity is reported to be around 0.42 W/m K and nearly independent of temperature across the full SOC range [59] .
The thermal impedance spectrum of a system-analogous to electrochemical impedance spectrum (EIS)-has been used to provide information about the thermal properties of the system [60, 61] . The thermal impedance is measured through Laplace transform of the transient temperature rise in response to an external or internal heat pulse. The thermal impedance spectra have been obtained for batteries from different manufacturers and used as validation of this method. The heat capacity and thermal conductivity are obtained from a nonlinear fit of the experimental data with a theoretical impedance function developed for a cylindrical rod with external heat generation. Heat capacity and thermal conductivity of the electrode roll of an 18650 Li-ion cell are measured to be 1900 J/kg K and 1.4 W/m K, respectively [60] . However, anisotropy in thermal conductivity is not accounted for here. The effect of SOC has also been studied for one of the cells, which indicated slight increase in the thermal conductivity with state of charge [60] . Using a similar technique, the thermal conductivity and heat capacity of a 4.4 Ah LiFePO 4 cell have been reported to be 0.35 W/m K and 958 J/kg K, respectively [61] .
Heat Generation Rate Measurements
Temperature distribution inside a Li-ion cell plays a crucial role in determining the performance, safety, and life of the battery. The temperature distribution in a Li-ion cell is determined by heat generation and heat dissipation processes. While heat 030801-4 / Vol. 13, AUGUST 2016
Transactions of the ASME dissipation can be understood by measuring the thermal properties discussed in Sec. 2.2, it is also important to understand and quantify the source of heat generation in the cell, and relate it to electrochemical parameters such as C-rate and cell electrochemical impedance. Heat generation in a Li-ion cell comprises reversible and irreversible components [10, 17, [62] [63] [64] [65] [66] [67] . Reversible heat generation occurs due to entropic changes in the battery, whereas irreversible heat generation is caused by numerous events such as Ohmic losses, mass transport, charge transport, and interfacial kinetics [17] . A large body of research exists on coupled electrochemical-thermal modeling of heat generation through theoretical and numerical methods. [62] [63] [64] 68, 69] . On the experimental side, two common tools-accelerated-rate calorimetry (ARC) and isothermal heat conduction calorimetry (IHC)-have been used for heat generation measurement [17, 70] . In ARC, heat generation is measured by measuring the amount of heat dissipated by the battery to the surroundings and the temperature rise of the battery. On the other hand, in IHC, the measurements are carried out in isothermal conditions, maintained using heat sinks in contact with the battery surface. In IHC, heat generation within the battery is measured by means of a heat flux sensor located between the battery surface and the heat sink. In the past two decades, ARC and IHC have been used extensively for heat generation measurement in Li-ion battery [65, 67, [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] .
One of the earliest reports of ARC-based electrochemicalcalorimetric measurements for Li-ion cells was in 1998 [65] . In this work, the voltage, current, and temperature were measured at different charge/discharge rates while an 18650 cell was inside a calorimeter [65] . This methodology has been extended to a number of other commercial Li-ion cells [67] . In a related study, a similar experimental setup has been used for measuring change in heat generation rate due to structural transformation in the graphite anode and phase change of the LiCoO 2 cathode [74] .
Many papers have also reported heat generation measurement based on IHC [71] [72] [73] [75] [76] [77] [78] [79] [80] [81] ]. An experimental investigation on using IHC for heat generation measurement of LiMn 2 O 4 cathodebased prismatic cells has been reported [81] . An aluminum vessel has been attached on the cell surface to maintain the isothermal conditions. The vessel also acts as a current collector for anode. Calvet-type conduction microcalorimeter has been used to measure the heat flow during charge/discharge [81] . Heat generation measurement on coin cells during charge and discharge has been reported using an isothermal calorimeter. Data on three different coin cells with different cathode and anode composition have been reported [72] . Later, the heat generation measurement of mesocarbon microbeads (MCMB) in an MCMB/Li cell using isothermal microcalorimeter has also been reported [77] .
ARC and IHC are both inherently ex situ in nature, since the cells need to be isolated inside a calorimeter. Most ARC and IHC measurements are also limited to low and moderate C-rates on small-sized cells. There is relatively less literature on in situ measurements at high C-rates. ARC and IHC have been reported to be more accurate in maintaining temperature uniformity for smaller geometries compared to bigger ones [66] . This might be a possible reason behind lack of research on heat generation measurement at pack level. Recently, a thermal technique based on measurement of heat stored through internal temperature measurement and measurement of heat lost through a heat flux sensor has been used for in situ heat generation measurement in Li-ion cells at higher Crates up to 9.6C [34] . In this method, the measurements are carried out during the normal operation of the cell, without the need of a calorimeter. These measurements are in good agreement with a separate, IHC-based heat generation rate measurement at high C-rates on a similar cell [66] .
Thermal Management Approaches
Thermal management has been an active area of research for a wide variety of heat-generating engineering systems such as nuclear fuel rods, microelectronics, etc., where heat generated during operation must be effectively rejected to the ambient in order to limit the temperature rise of the system. Excessive temperature rise presents safety and reliability concerns, and in most cases, performance reduction as well. For systems with low heat generation, passive cooling by heat loss to the ambient may be sufficient. As the heat generation rate increases, the thermal management system becomes more and more sophisticated. Options for advanced thermal management include two-phase liquid cooling, nanomaterials-based cooling, etc. Thermal storage is also a promising opportunity, for example, for addressing transient peaks in heat generation, which is particularly relevant for high-rate discharge automotive applications of Li-ion cells where a large amount of heat may be generated in a short pulse. In addition to system design, run-time thermal control is also critical for implementing measures to modulate active thermal management algorithms such as load balancing and throttling to manage cell temperature as a function of time. The thermal management strategies vary in terms of complexity, cost, and performance. The thermal management for Li-ion cells must be recognized at multiple length scales-materials, cells, and systems. A key metric of performance is the total temperature difference between the point of heat generation to the ambient, expressed per unit heat transferred, often referred to as the total thermal resistance. However, for spatially distributed heat generation, as is the case for a Li-ion cell, it is not sufficient to define a total thermal resistance. Instead, fundamental thermal properties such as thermal conductivity of the Li-ion cell need to be known, based on which the temperature field inside the cell can be determined. Further, the thermal resistance concept is inherently steady-state only, and to capture transient effects, the heat capacity of the cell must also be known. Figure 4 schematically shows a classification of various thermal management strategies that have been adopted for Li-ion cells.
Material Thermal Management.
While materials of Liion batteries are well optimized for electrochemical performance, relatively less work has been reported to measure and optimize material-level thermal transport. Figure 3 shows that the thermal unit cell is a Li-ion cell electrode-separator roll and key thermal resistances therein. A limited amount of work has been reported on enhancing these thermal resistances. Among materials, the separator has the least thermal conductivity, around 0.5 W/m K [51] , and attempts have been made to improve its thermal conductivity. A hierarchical nano/micro-Al 2 O 3 /polymer separator with improved thermal conductivity of 1.0 W/m K has been developed, without ionic conductivity [52] . Material-level enhancement of LiFePO 4 cathode has been carried out to improve the thermal diffusivity by using carbon-coated cathode and organic binders [82] . In a related work, the thermal conductivity of Li[Ni 1/3 Co 1/3 Mn 1/3 ]O 2 -based cathode has been enhanced by two orders of magnitude by capturing the cathode materials inside the multiwall-carbon nanotubes matrix [33] . Similarly, work has been done to improve the thermal conductivity of the anode material [48] .
Recent work has shown that the thermal contact resistance between separator and cathode may contribute up to 90% of the total thermal resistance of the thermal unit cell. This dominant, rate-limiting thermal conduction process has been improved by chemical bridging protocol of the interface, resulting in improved surface adhesion and a measured 4Â reduction in thermal contact resistance [55] .
In addition to enhancement of material and interfacial thermal conduction, internal cooling by flow of R134a through microchannels integrated inside current collector has also been proposed as a thermal management approach. To demonstrate this, a surrogate heat source is used to simulate battery heat generation, and an aluminum plate is used with embedded microchannels to represent the internal cooling in current collectors [83] . Similar concept has been investigated by carrying out 2D and 3D transient thermal analyses for cooling the prismatic cells by making the liquid electrolyte flow through the internally embedded microchannel [84] .
External Thermal Management
4.2.1 Air Cooling. Air cooling of Li-ion cells is relatively easy to implement, but has limited thermal effectiveness. Air cooling can be carried out passively through natural convection, or actively through forced convection. Much research has been carried out in developing mathematical thermal models and validation through numerical simulation [85] [86] [87] [88] [89] [90] . The concept of reciprocating air flow model in a lithium-ion battery pack for better temperature uniformity by varying the air flow direction has been proposed. Later, a numerical analysis for various air cooling configurations for a hybrid electrical vehicle (HEV) battery pack has been carried out [85] [86] [87] . In a related work, thin duct design for cooling based on distributed natural convection has been investigated [86] . Thermal analysis of the proposed battery pack is done by solving the governing energy equations and boundary conditions that describe the temperature distribution in the battery pack [86, 87] . However, these papers lack experimental implementation.
Experiments for air cooling a high-capacity lithium-titanate battery pack of 50 Ah cells have been performed. Blowing ambient air between the cells results in low heat transfer coefficient; therefore, the metal-foam based heat exchanger has been proposed. Al-based metal foams are placed between five cells and compressed with metal plates from the sides. Air inlet and outlet are provided at the top and bottom, respectively. With this arrangement, the temperature rise of the battery has been limited to 10 C even when discharged at 200 A [91] . The thermal and fluid flow field characteristics of 55 Ah lithium-ion battery system for different air duct modes have been also investigated. It has been shown that U-shaped ducts are more effective in heat dissipation for different SOC state, ambient temperature, charge, and discharge rates [92] . Effectiveness of the cooling strategies is found to be dependent on cell arrangements and orientation [93, 94] . Two-dimensional air flow in 12 CA180 cells arranged in two rows with cooling ducts has been studied. Cooling plates are attached on the sides in this closed module and two fans are provided for air flow. Cooling ducts allow air flow between cells. Two-dimensional air flow configuration at 1C discharge rate resulted in 9 C reduction in maximum temperature of the pack compared to the baseline case with no cooling strategy [93] . The thermal performance of a lithium ion battery pack with five different arrangements of 25 cells has been also reported. All cells were enclosed in a module with fan on one side and vent on the other. A 5 Â 5 cubic structure is found to be best in terms of cooling capacity, and a 19-cell hexagonal arrangement is found to be best for space utilization along with cooling effectiveness [94] .
Liquid
Cooling. Liquid cooling can be an effective mechanism for active thermal management of lithium ion battery systems. Water is often chosen as the working fluid due to excellent thermal properties and low cost. However, it is critical to minimize risk of leakage and electrical damage. For this reason, dielectric fluids may also be a good choice. Many theoretical and numerical models on liquid cooling plate design, optimization, and cooling strategies for battery packs have been developed [83, [95] [96] [97] [98] [99] [100] [101] [102] . The serpentine cooling plate design for electric vehicle battery pack has been modeled and optimized [100, 101] . A numerical model has also been developed to understand the effect of cooling plate thickness and coolant velocity under forced liquid cooling [97] .
Liquid cooling plates are the most common form of active mode cooling strategies being investigated for battery systems. Cooling plates can be inserted between the battery/battery packs and the coolant can be cooled externally [98] . Cold plates often have fabricated microchannels with internal coolant flow [95, 99] . Oblique fin microchannel cold plates placed between two batteries have been investigated. The effect of one inlet/outlet and two inlet/outlet configuration on maximum temperature of the system is presented for different flow rates. Improved temperature uniformity has been reported for oblique fin cold plate compared to the straight cold plate arrangement [95] . Straight microchannel cold plate design has been investigated, where the cold plates are sandwiched between batteries with inlet and outlet at opposite ends. The number of microchannels is varied, and the extent of cooling is found to increase with the number of microchannels. At 5C discharge rate, this work also reports that there exists an optimal flow rate beyond which the system efficiency decreases. Liquid cooling has been also investigated for external passive cooling by using ethylene glycol-water as coolant. A single pack of battery module with cold plates on the sides is considered in this work. The maximum temperature has been limited to 35 C at 2.375 l/min flow rate. The experimental data show good agreement with the numerical model with <2
C deviation in maximum temperature [98] .
Several other cooling strategies utilizing a low boiling point liquid have also been demonstrated [103, 104] . The cooling of a module of ten batteries with spacers made of porous material has been experimentally investigated. The entire module is submerged into a low boiling point dielectric liquid. Evaporated liquid is condensed in a heat exchanger and is pumped back to the module [103] . In a separate study, a piston-based mechanism has been investigated for improved control over the boiling process and better temperature uniformity [104] . It has been shown that the 0.7 C temperature difference between the positive and negative terminal in the nonboiling regime can be completely eliminated, once the battery is under the liquid boiling process [104] .
Heat Pipes.
Heat pipes have been widely used in industrial applications and academic research for improved thermal management and other advantages such as space efficiency [105, 106] . While the physics of heat pipe operation is remarkably complicated, involving multiple coupled phenomena such as phase change, fluid flow, etc., the implementation is relatively straightforward. A 2D transient thermal model for heat pipe cooling of a 12 Ah cylindrical battery has been proposed [90] . In this work, heat pipes are placed on two annular aluminum fins, and the condenser part of the heat pipe is cooled by natural convection and forced convection. Significant reduction in the temperature rise is reported for high discharge currents [90] . An experimental investigation of prismatic cells with heat pipes has been also presented [107] . Copper heat pipes are sandwiched between the two cells and the condenser part is cooled by a constant temperature water module. For different heat generation rate (<50 W), maximum temperature rise on the battery has been limited to within 50 C [107] . Similar work with oscillating heat pipes instead of copper heat pipes has been discussed in this review article later [108] . Experiments with L-shaped heat pipe inserted between the battery cell cavity between four Li-ion cells have been carried out. Glycol-water mixture has been used for removing heat from the condenser part of the heat pipe. It has been shown that for 10 W/ cell heat generation, the surface temperature can be maintained at 40 C. The surface temperature at 4C discharge is reported to be 10 C less compared to the case when no cooling strategy is implemented [109] .
Shape and orientation of heat pipes play a key role in heat removal and have been studied experimentally for different Li-ion battery systems of electric vehicle (EV) applications [110] [111] [112] . The heat pipe design and prototype for a specific EV lithium-ion battery module have been proposed. Heat pipes are attached to the condenser section with a bend of 121 deg. The condenser is provided with aluminum fins which are cooled by forced convection [110] . In another work, a surrogate heat source is used to represent the HEV battery module, and flat heat pipes are attached to the sides. The condenser part of the heat pipe is then attached to an aluminum heat sink which has been cooled by blowing air [111] . Flat heat pipes have also been used for cooling of 3 Ah and 8 Ah pouch Li-ion battery packs. A flat heat pipe is sandwiched 030801-6 / Vol. 13, AUGUST 2016
Transactions of the ASME between batteries, and condenser end is cooled by natural convection, forced convection, thermostat bath, and wet cooling. Temperature rise has been limited to less than 4 C for a 3 Ah pack discharging at up to 4C. Wet cooling has been reported to be more effective in heat removal for the heat pipe arrangement considered in this work [112] .
Pulsating heat pipes (PHPs) and oscillating heat pipes (OHPs) are relatively recent modifications of the conventional heat pipe [108, 113] . The PHP/OHP consists of a plain serpentine tube of capillary dimensions with many U-turns. In contrast to a conventional heat pipe, there is no additional capillary structure inside the tube. PHPs and OHPs have been investigated for the cooling of Li-ion battery packs. Heat dissipation has been studied for four different working fluids and at different heat generation ranges (25-550 W) [113] . Cooling of prismatic cells has also been investigated. The experimental setup uses four-turn loop OHP with condenser at top and evaporator at bottom. The evaporator part is sandwiched between the two batteries. The condenser is being cooled by a constant temperature water bath. Vertical arrangement of the battery along the OHP has been reported to be more efficient in reducing the overall maximum temperature compared to the horizontal arrangement [108] .
Phase-Change Material (PCM) Thermal Management.
Phase-change materials (PCMs) have been widely used for heat and cold storage in various fields [114] [115] [116] [117] [118] . In the past two decades, PCMs have been investigated for thermal management of Liion battery systems. PCMs are excellent in cooling the Li-ion cell/ pack by absorbing transient spikes in heat generation. The stored heat can either be dissipated to ambient efficiently, or can be used to maintain the optimal temperature of Li-ion battery system in cold climates. Salt hydrates and paraffin-based PCMs are the most commonly used phase-change materials used in Li-ion cell cooling [118] . In an early work, the paraffin-based PCM has been filled between eight 10 Ah batteries of an EV battery pack, which acted as a thermal sink for generated heat. Further, the stored heat has been utilized to keep the battery above room temperature, thereby increasing the overall energy efficiency of the battery system [119] . Later, the numerical simulation of PCM-based cooling of a Li-ion battery system for electric scooter has been developed [120] . This design has been experimentally tested for a pack of 18650 2.2 Ah Li-ion cells [121] . This work includes cooling of the battery pack by natural convection, Al foam between the cells, PCM between the cells, and a combination of PCM and Al matrix. Results show that PCM-based cooling significantly reduced the temperature rise compared to the case of natural convection alone [121] .
PCMs offer several advantages such as high latent heat, compactness, and good cycling stability. However, a key drawback is the poor thermal conductivity. Several studies have been reported where the thermal conductivity of PCM has been enhanced by impregnating with particles/fillers of high thermal conductivity [122] . The numerical simulation on Li-ion laptop battery pack with PCM for thermal management has been carried out. In this work, the paraffin wax-based PCM has been modeled, and the concept of a composite of PCM and expanded graphite (EG) has also been introduced. Simulation results have shown that operating temperature can be kept <50 C for high discharge rate by doubling the amount of PCM [123] . In order to implement this idea in Li-ion battery system, a composite of EG and paraffinbased PCM has been prepared, and a very high thermal conductivity (16.6 W/m K) compared to pure paraffin-based PCM (0.2 W/m K) has been reported [122] . In a similar study, PCM/EG composite blocks for Li-ion battery have been prepared and their thermomechanical properties have been studied [124] .
Graphene-enhanced hybrid PCMs for thermal management of Li-ion batteries have been proposed. The thermal conductivity is reported to be 60 times higher than paraffin. In this work, a pack of six 3 Ah Li-ion cells surrounded with hybrid graphene-PCM is investigated. Graphene-enhanced PCM resulted in [10] [11] [12] [13] [14] [15] [16] C less temperature rise compared to the conventional PCM [49] . In a related work, the graphite sheets in external contact with PCM/EG composite have been used. A graphite sheet is sandwiched between the two batteries, and the two ends are attached to the PCM/EG blocks. Maximum temperature rise for the pack at 1C and 2C discharge is reported to be less than 5 C compared to the case where the PCM-based thermal management strategy is not used [125] . Use of carbon fibers in PCM to enhance thermal conductivity without sacrificing the latent heat capacity has been also reported. This work reports 45% reduction in the maximum temperature in 4C rate discharge condition [126] .
Hybrid Thermal Management.
Coupling passive thermal management strategies with active cooling systems has been of much recent interest [127, 128] . Experimental investigation with PCM-based thermal management system in conjunction with active water cooling has been carried out. In this study, a 27-cell module of 26650 cells has been inserted in an aluminum can filled with liquid PCM and covered with water-cooled copper plates at top and bottom. PCM solidification at 2C charge rate after the discharge driving cycle has been successfully demonstrated in this work [127] . In a related work, PCMs have been integrated with forced air cooling. Forced convection is used to remove the accumulated heat of PCMs in a pack of 20 18650 cells [128] .
Thermal Runaway Characterization and Measurements
Li-ion cells are remarkably temperature-sensitive, and the behavior at elevated temperature presents serious safety concerns. At temperature greater than a threshold value, a series of exothermic processes are known to occur, with heat generated from one activating the next set of processes, effectively generating a thermal runaway situation. Pertinent processes here include decomposition of solid electrolyte interface (SEI) layer, reaction of negative electrode with electrolyte, unstable PE material, electrolyte combustion, dendrites formation, melting of separator, electrolyte decomposition, oxidation of organic solvents, etc., which result in pressure buildup inside the cell, fire, and ultimately explosion [18, 19, [129] [130] [131] . These processes typically follow Arrhenius reaction dynamics, causing exponential increase in heat generation rate with increasing temperature. This potentially leads to a thermal runaway situation when the heat generated by the cell cannot be effectively removed, and thus results in ever-increasing cell temperature [19, 132] .
Several factors leading to initiation and progression of thermal runaway have been investigated by understanding the thermal stability of different components in a Li-ion cell [133] . Individual materials such as cathode active material, anode, and electrolyte also been studied to understand their contribution toward over thermal instabilities of batteries [133] [134] [135] [136] [137] [138] [139] . Some alternative materials and modification to the existing materials for the cathode active material, anode material, salt in the electrolyte, and modifications to the separator have also been proposed due to their higher thermal stability under abuse conditions which would lead to safer Li-ion cells [134, [140] [141] [142] [143] [144] [145] . Thermal runaway inhibitors and flame retardants have also been used as additive to electrolyte to improve the thermal stability and reduce the possibility of fire and explosion in Li-ion cells [146, 147] . Different abuse conditions and their effect on overall stability of the Li-ion cell have been studied by simulating various possible abuse conditions such as internal short circuit, overcharge, high temperature, and physical abuse [148] [149] [150] [151] [152] .
5.1 Cell-Level Thermal Abuse Measurements. Thermal abuse performance of a variety of Li-ion cells has been investigated by inducing thermal runaway through a variety of mechanisms such as overcharging, nail impact, etc. The short circuit and overcharge behavior of prismatic lithium-ion batteries containing LiCoO 2 cathodes and graphite anodes have been reported [148] .
Internal
C, but did not enter thermal runaway. On the other hand, an extreme overcharge testing was found to lead to different outcomes depending on the current used to charge the battery. The cells get ruptured at higher currents during overcharge test. Melting of lithium has been found to be the underlying factor leading to the rupture of the cells [148] .
Similarly, an internal short circuit has been simulated in prismatic Li-ion and Li-ion polymer (LIP) cells [149] . In cells with higher capacity, the risk of thermal runaway has been found to be higher from internal short circuits due to higher temperature at the short-circuit site and the surrounding region, which could approach the separator melting point and the decomposition reaction temperature of cathode material [149] .
Work has been reported on systematic internal short-circuit tests on cells using a well-controlled pinch test [150] . With this pinch test, reproducibility in creating 1-2 mm size internal short circuit in one or two inner layers of a cell anode and cathode has been demonstrated. This possibly mimics the type of internal short circuit which may occur in real conditions. These tests also show that the risk of thermal runaway during internal short circuit increases with increase in the cell's state of charge and capacity, which is consistent with the previous findings [150] .
Some more work has been done in improving the methodology for an internal short-circuit test to make it more representative of realistic short circuit [151] . This includes the use of an embedded metal or metal alloy trigger inside the cell, which has been electrically isolated when solid but melts when externally triggered and shorts the electrodes [151] . Heat required to trigger this short circuit is moderate and does not by itself cause significant temperature rise of the cell.
One more standard test in battery testing is the nail test in which a metal nail is pierced at center of a battery with certain nail speed. This causes internal electrical short circuit in the battery [153] . Nail test has been performed on a fully charged 100 Wh battery. A motor mechanism has been used to penetrate a sharp stainless steel nail into the center of the cylindrical battery body with a speed of 1 mm/s. Slight insertion of nail immediately results in opening of two safety vents, which is then followed by large volume of electrolyte vapor jet coming out from the vents. The surface temperature of the battery reaches a maximum temperature of 380 C in very little time [153] . This rapid temperature rise occurs due to the abrupt conversion of the stored energy in the cell into heat due to internal short circuit caused by the nail.
A thermal abuse model that predicts single-cell behavior at elevated temperature has been utilized to characterize the effect of temperature-dependent exothermic reactions [154] . Thermal runaway has been triggered using a constant-power heating element. Reasonable agreement has been shown between the experimental data and the model predictions. Effect of convection, cell physical configuration, and electrolyte combustion on the cell thermal behavior has been analyzed using the model [154] .
More sophisticated theoretical modeling tools have also been developed and validated with the experimental simulation of thermal runaway [155, 156] . A three-dimensional thermal abuse model for high-capacity Li-ion batteries has been developed based on finite element method [155] . During oven test simulation, nonuniform temperature distribution in the cell has been observed. The model has been shown to predict the qualitative and quantitative behavior of a cell in an oven test with reasonable success. Similarly, an experimentally validated numerical model has been developed to predict the temperature response of a cell during oven test [156] . This model uses already developed reaction kinetics and thermal properties from the literature to predict the temperature response of cells of various designs and anode materials. The model also predicts the onset of thermal runaway by simulating oven test at elevated temperature.
The role of radiation in enhancing the effective heat dissipation to the surrounding during thermal abuse condition is also studied [157] . In this work, it has been reported that as much as 50% of the total heat dissipation can happen by radiation at elevated temperatures. The label, wrapped around a Li-ion cell, is shown to be critical for effective heat dissipation by radiation.
Finally, some work has been done in understanding the thermal runaway and its propagation in a battery module. Experimental measurements and theoretical analysis have been done on different battery module configurations to characterize the thermal behavior and determine the safe practices [158] . A single cell in a module is triggered into thermal runaway by heating it up, and the cell-to-cell thermal runaway propagation behavior has been characterized. Based on the experimental results and theoretical analysis, it has been shown that increasing the intercell spacing in a module containing cylindrical cells significantly decreases the probability of thermal runaway propagation. Role of tab configuration and cell form factor has been also shown to have a major influence on the thermal runaway propagation. Effect of different thermal insulation materials to contain the propagation of thermal runaway has been analyzed using the theoretical analysis. In another work, the cell-to-cell failure events and propagation in lithium-ion batteries have been studied using 18650-type LiCoO 2 lithium-ion batteries and several inactive surrogate cells fitted with thermocouples and/or cartridge heaters. Both single cell and multicell packages have been tested to study the response during a typical failure event, and the analysis of these studies has been used to understand the heat propagation to neighboring cells before, during, and after the event [32] .
Material-Level Thermal Runaway Measurements.
A number of experiments have been carried out to understand the material-level processes that contribute to thermal runaway. Thermal stability of fully charged 550 mAh prismatic Li-ion cells (Sndoped LiCoO 2 /graphitic carbon) and their components has been investigated [133] . Using the accelerating rate calorimetry (ARC), the onset temperature of exothermic chemical reactions has been determined, which could force the cell into thermal runaway. Based on the differential scanning calorimetry (DSC) and thermogravimetry, the thermal stability of the cell's positive electrode (PE) and negative electrode (NE) materials from 35 to 400 C has been analyzed. The cell's self-heating exothermic reactions have been found to start at 123 C, which eventually leads to thermal runaway near 167 C. The total exothermic heat generation of the NE and PE materials is 697 and 407 J/g, respectively. These heat generation rates show significant reduction when the materials are washed in diethyl carbonate (DEC) and dried below 65 C under vacuum [133] . Li x CoO 2 , Li x NiO 2 and Li x Mn 2 O 4 (x < 1) are considered metastable and known to liberate oxygen when heated in air or in inert gas. The temperature at which oxygen evolution occurs depends on the value of x and on the compound. Thermal decomposition of these compounds has been studied in inert gas using the thermal gravimetric analysis and mass spectrometry. Among the three, nickel compounds are found least stable whereas the manganese compounds are most stable. The cobalt compounds exhibits intermediate stability. These results have important implications for the safety of Li-ion cells as the commonly used cathode active material LiCoO 2 has been shown to be not as thermally stable as LiMn 2 O 4 [135] . Similar conclusions have been also made based on safety tests, such as heating, overcharge, nail penetration, and forced discharge test performed on 600 mAh class commercially available prismatic where LiMn 2 O 4 has been found safer to be used in Li-ion cells than LiCoO 2 [134] .
Thermal runaway features of a 25 Ah large-format prismatic lithium ion battery with Li (Ni x Co y Mn z ) O 2 cathode are evaluated using the extended volume-accelerating rate calorimetry [137] . Thermocouples are inserted into the battery at different locations. The temperature inside the battery has been measured to be 030801-8 / Vol. 13, AUGUST 2016
Transactions of the ASME 870 C, which is much higher than the temperature measured at the outer surface of the battery. Temperature has been observed to rise to approximately 520 C when the thermal runaway happens. The temperature rise reported in this paper appears to be somewhat high. The temperature rise follows sharp drop in the measured voltage of the battery which happens 15-40 s prior to the instantaneous rise of temperature. This time interval can serve as an early warning of the thermal runaway.
A 720 mAh Li-ion cell has been tested for overcharge using soft overcharge technique [136] . This technique has been used to follow the overcharge process gradually and thoroughly to investigate the stage which can be considered most critical and irreversible. The characteristics of the battery material at different overcharge stages have been evaluated by performing DSC and scanning electron microscope tests.
Growth of cathode microparticles has been reported on anode side of the surface of a separator recovered from an overcharge test. This indicates that growth of microcathode particles penetrating through separator might play a key role in producing a microshort that ultimately leads to thermal runaway. However, SEI layer breakdown, which happens in temperature range of [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] C, could also be considered as a trigger for full cell thermal runaway followed by the microshorting phenomena described earlier [136] .
The thermal behavior of the natural graphite anode at different states of charge has been studied using DSC [138] . Anode samples with more intercalated lithium produce broad DSC peaks following SEI film decomposition, which is also attributed to the formation of a secondary SEI film. Decomposition of SEI films gives out an exothermic peak. Another sharp exothermic peak has been observed, attributed to the structural collapse of graphite at high temperatures for sample with more than 0.71 lithium per graphite. Due to the collapse of graphite, Li releases from graphite particle which reacts with the polyvinylidene difluoride to produce more heat. The thermal stability of the graphite anode improves when it is made up of carbon-coated spherical graphite particles [138] .
The thermal stability of lithium hexafluorophosphate (LiPF 6 ) in Li-ion battery solvents has been studied using the thermogravimetric analysis and online Fourier transform infrared (FTIR) [139] . There has been no evidence found of thermally induced reaction between LiPF 6 and typical Li-ion battery solvents. However, this is in the absence of any impurity such as alcohol or the cathode material, which is expected to act as a catalyst and cause some undesirable reactions [139] .
Thermal stabilities of different lithium salts and the roles of the salts on the thermal behaviors of their based electrolytes have been studied. For the salts: lithium hexafluorophosphate (LiPF 6 ), lithium tetrafluoroborate (LiBF 4 ), lithium bis(trifluoromethylsulfonyl)imide (LiTFSI), and lithium bis(oxalato)borate (LiBOB), there has been no exothermic behavior noticed. The mixture systems are relatively thermally stable in the absence of lithium salts. The thermal stability of solvents reduces significantly in the presence of lithium salt, especially in the case of LiPF 6 salt. However, LiBOB-based electrolyte has been reported to show excellent thermal stability [159] .
Material-Level Enhancement for Improved Thermal
Runaway Performance. Advances have been made in improving thermal stability of the anode and cathode materials [140] [141] [142] . Two advanced cell chemistries called Gen1 and Gen2 have been developed [140] . C. Gen1 cell chemistry has been found to be thermally stable, which is credited to the MCMB graphite as it enables more effective solid electrolyte interface (SEI) formation. On the other hand, Gen2 cell chemistry with Al stabilized cathodes is observed to have higher peak reaction temperatures, which also results in improved cell thermal stability. The thermal stability of these cells seems to increase with aging due significant reduction in exothermic heat generation at the anode.
A new cathode material with concentration-gradient structure within each particle's outer layer has been developed [141] . This material shows a very high reversible capacity of 209 mAh/g based on the particle bulk composition of LiNi 0. 8 Thermal stability of Li-ion cells that use Sb and intermetallic Cu 2 Sb as anode has been investigated and compared to conventional graphite electrode cells [142] . X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) have been used for ex situ characterization of bulk and surface layer products of the thermal reactions. Using the differential scanning calorimetry (DSC), the relative heat generation with these electrodes has been measured. Reduction in the low-temperature exothermic is observed, which turns out to be the driving force for thermal runaway. The heat generation per unit capacity for both Sb and Cu 2 Sb is reported to be approximately 37% lower than graphite [142] .
Some work has been done to improve the thermal stability of the separator [143, 144] . The micropore surfaces in the polyolefinbased separator have been fully covered by a thin layer of SiO 2 deposited by chemical vapor deposition [143] . This results in significantly enhanced thermal stability of the microporous separators. No adverse effect on ionic conductivity has been reported. The thickness of the SiO 2 layer is found to be a crucial parameter which could result into separator with high stability at high temperature and uncompromised cell performance.
Similarly, microporous polyacrylonitrile (PAN) nonwoven separators have been developed by using electrospun nanofibers with homogeneous diameter of 380 and 250 nm [144] . Cells with these separators have been reported to exhibit better cycle lives and higher rate capabilities than that of a cell with conventional one. These separators are shown to be thermally stable at 120 C. The volatile nature of traditional organic electrolytes has been considered to be a key reason in fire caused under abuse conditions. An improved salt lithium oxalyldifluoroborate (LiODFB) with combined advantages of LiBOB (lithium bis(oxalato)borate) and LiBF 4 has been made [145] . Its chemical structure comprises the half molecular moieties of LiBOB and LiBF 4 . The salt is also noted to be highly capable of stabilizing solid electrolyte interface (SEI) on the surface of graphite anode. This enables Li-ion cell to be operated at high temperature without the risks posed by the convectional electrolyte. The electrolyte made with this salt undergoes thermal decomposition at approximately 240C which is 40C higher than the LiPF 6 [145] .
To improve the thermal stability of electrolyte, and hence the overall thermal stability of a Li-ion cell, the thermal runaway inhibitors (TRIs) have been identified, prepared, and used as an additive (2-5%) to the standard battery electrolyte system; these materials improve the safety by preventing potential fire and explosion [146] .
Some others additives such as trimethyl phosphite and trimethyl phosphate have also been added to the electrolyte additives to improve the safety and electrochemical performance of lithium cells [147] . Both trimethyl phosphite and trimethyl phosphate reduce the flammability of the electrolyte. The trimethyl phosphite additive is also shown to improve the electrochemical performance whereas trimethyl phosphate improves the thermal stability of the electrolyte at the expense of its electrochemical performance [147] .
Future Research Challenges and Outlook
This section discusses future research challenges related to experimental investigation of thermal transport in Li-ion cells.
6.1 Thermal Metrology. There is a continued need for improved experimental tools for measuring temperature, heat generation, and thermal transport properties across multiple length scales in Li-ion cells. Measurement of the internal temperature of a cell is a particularly critical challenge for improved performance and safety, since thermal management designs based on surface temperature measurement are likely to be inadequate. Accurate measurement of the internal temperature will also directly benefit electrochemical performance optimization of the cell. Such methods need to be minimally invasive to the electrochemical function of the cell, and be able to monitor the cell temperature in situ while the cell continues to operate. Improvements in sensitivity and response time of temperature measurement methods are needed. Temperature measurement techniques also need to be closely integrated with battery control software. Metrology tools for material-level temperature measurement are also needed for understanding the fundamentals of thermal transport in electrochemical systems. Such tools need to be closely integrated with electrochemical probing in order to understand and resolve the tradeoffs associated with thermalelectrochemical coupling in materials. Such tools will help resolve the considerable challenges of understanding thermal transport in heterogeneous electrode stacks comprising materials in which the nature of thermal transport through phonons is not well understood at present. Such advances may lead to fundamental, thermal performance-driven improvements in Li-ion materials.
The literature on measurement of thermal transport properties, both at cell-level and at material-level, is quite meager. More work is needed in terms of improved thermal conductivity and heat capacity measurement methods in an electrochemically active environment. There is significant spread in Li-ion cell thermal property measurements reported in various papers so far, and it is important to resolve these differences. At the material level, the metrology and characterization tools are needed for identification of rate-limiting thermal transport processes, with particular emphasis on the nature of thermal transport across material interfaces. The nature of thermal transport in emerging electrochemical materials and cell chemistries needs to be fully understood. Specifically, since a solid electrolyte cell represents a significant departure from the traditional Li-ion cell, it is important to carry out a comprehensive examination of thermal transport in a solid electrolyte cell.
Similar to temperature, noninvasive metrology tools for in situ measurement of heat generation are critical for performance and safety monitoring of Li-ion cells. A method for real-time measurement of heat generation rate will greatly enhance the capability to diagnose and address anomalies in cells and packs. Most heat generation measurement methods so far are calorimetric in nature, which do not integrate well with the operation of the cell. Noncalorimetric tools for heat generation rate measurement, particularly at high discharge rates, are needed.
6.2 Thermal Management. Innovation in thermal management strategies for Li-ion cells is needed to expand the performance limits of a Li-ion cell, which often tends to be thermally limited. At the material level, thermally enhanced materials and interfaces need to be pursued, without affecting the underlying electrochemical performance. Rate-limiting thermal transport processes in materials within a Li-ion cell need to be identified and enhanced for improved overall internal heat transfer in the cell. The thermal conductivity of Li-ion cell is very poor, and strategies for thermal conductivity enhancement are needed.
While several candidate strategies have been presented for external thermal management, more innovation is clearly needed. For example, while water has been used widely for liquid cooling, it suffers from well-known problems that need to be overcome. Smaller heat pipes need to be designed and possibly embedded within a Li-ion cell for efficient heat removal. Hybrid thermal management strategies offer promising results and need to be investigated further. High heat flux cooling methods, including those developed for other applications, need to be studied in the context of cooling Li-ion cells under high discharge rates. Tradeoffs between increased system complexity due to thermal management and benefit on performance and safety need to be characterized. In general, the tradeoff between thermal management and electrochemical performance of cells and battery packs needs to be fully understood and addressed. Integration of thermal management with the battery management system is needed for fully utilizing the benefits of thermal management and for implementing on-demand cooling that offers effective and efficient removal of heat with minimal impact on the electrochemical function of the cell.
6.3 Thermal Runaway. It is expected that much of the future improvement in thermal runaway performance of Li-ion cells will come from innovations in thermal stability of materials and components, and from chemistries with reduced exothermic heat generation at high temperatures. Therefore, innovations in material chemistries are critically needed. Experimentally validated models are also needed to integrate heat generation during runaway conditions with the nature of thermal transport inside the cell and thermal management implemented outside the cell. It is critical to develop analytical tools that can predict the thermal conditions needed to prevent thermal runaway with a given cell chemistry.
Thermal management strategies proposed and demonstrated to work under nominal conditions need to be evaluated on the basis of the ability to suppress thermal runaway under abuse conditions. Future thermal management techniques need to be designed not only for nominal conditions but also for extreme conditions likely to be encountered in a thermal runaway condition, such that they can meet the heat removal demand of an abuse condition.
A reasonable understanding of triggers that cause onset of thermal runaway has been developed. However, there is a lack of understanding of thermal threshold to indicate or anticipate imbalance of heat generated and heat dissipated which could be used to avoid or minimize the risk of thermal runaway. Experimental research in this direction will benefit the design and operation of future energy conversion and storage systems.
Thermal transport phenomena in future electrochemical energy storage chemistries need to be examined for early identification and resolution of key thermal management challenges. Toward this, the thermal transport properties, reaction enthalpies, and heat generation rates in future chemistries need to be measured.
Future research needs in all categories identified above are closely related to each other. Innovations in these directions will benefit multiple aspects of thermal performance of the cell. For example, innovations in internal temperature measurement will positively impact the capability to anticipate and prevent thermal runaway. It is critical to approach these challenges in an integrated fashion that considers each of the thermal transport phenomena discussed here, as well as the close, multiscale coupling of thermal transport with other transport phenomena in a Li-ion cell.
Conclusion
The need for continued improvement in performance, safety, and reliability of Li-ion cells makes it imperative to continue to innovate not only in thermal transport phenomena but also in the interactions with other thermal transport processes. The coupled, multiscale nature of physics governing a Li-ion cell makes this a challenging task, with significant potential for performance improvement through fundamental understanding of these processes. These potential improvements may positively impact energy storage and conversion for a wide variety of engineering systems.
